Background: This study evaluated the ability of two Doppler ultrasound-derived parameters, the carotid corrected flow time (FTc) and respirophasic variation in carotid artery blood flow peak velocity (DVpeak), to predict fluid responsiveness in spontaneously breathing patients. Methods: A total of 53 spontaneously breathing patients were studied before anaesthetic induction for neurosurgery.
Determining fluid responsiveness is a critical task in perioperative care, as inappropriate fluid administration can lead to poor outcomes. 1, 2 However, accurate assessment of a patient's intravascular volume status during the perioperative period remains challenging. Traditional static indices, including central venous pressure and pulmonary capillary wedge pressure, have been criticised for a lack of accuracy in predicting fluid responsiveness despite their invasive nature. 3, 4 In contrast, dynamic indices based on heartelung interactions, such as pulse pressure variation (PPV), have been used as robust guides to predict fluid responsiveness in mechanically ventilated patients. 5, 6 The ability of dynamic indices to assess fluid responsiveness during spontaneous breathing has been extensively studied, but the results have been generally disappointing. 7e10 Moreover, the invasive arterial catheterisation required for measuring these indices can be unpleasant in awake patients. Recently, ultrasonography for estimating volume status has been widely recommended because of its non-invasive nature, ease of acquisition, and reproducibility of measurements. 11 Among these ultrasound modalities, corrected flow time (FTc) measured in the carotid artery is a new approach for predicting fluid responsiveness that has shown promising results. 12, 13 Previous studies have demonstrated that changes in carotid FTc were correlated with changes in volume state. 12, 13 Additionally, carotid FTc is unaffected by respiration, 14 so it could be a reliable static parameter for predicting fluid responsiveness in spontaneously breathing patients. However, no studies using the reference standards have assessed this issue. Another parameter obtained by carotid artery ultrasound is blood flow velocity. In a previous study, the predictive power for fluid responsiveness of respirophasic variation of carotid artery blood flow peak velocity (DVpeak) was greater than that of PPV. 15 Therefore, although it is a dynamic index, it may be able to adequately evaluate volume status in spontaneously breathing patients. The aim of this study was to evaluate whether carotid FTc as determined by Doppler ultrasound could be a predictor of fluid responsiveness in spontaneously breathing patients before anaesthetic induction for brain tumour surgery. We also evaluated the predictive ability of DVpeak for fluid responsiveness in spontaneously breathing patients as a secondary outcome.
Methods

Study population
The study protocol was approved by the Institutional Review Board of the Yonsei University Health System, Seoul, South Korea (#4-2016-0426), and registered at ClinicalTrials.gov (NCT02843477). After receiving written informed consent from all patients, we enrolled 54 patients (19e80 yr old) with an ASA physical status class of IeIII, who were scheduled to undergo elective neurosurgery for brain tumour from August 2016 to February 2017. Exclusion criteria were as follows: BMI >35 or <15 kg m À2 , the presence of carotid artery stenosis >50%
(by conventional angiography, computed tomographic angiography, magnetic resonance angiography, or duplex ultrasonography), newly detected common carotid stenosis >50% during the study period (Doppler-derived peak systolic velocity >182 cm s À1 , end-diastolic velocity >30 cm s À1 , or both), 16 systolic blood pressure >160 mm Hg, cardiac rhythm other than sinus, valvular heart disease, left ventricular ejection fraction <50%, right ventricular failure, chronic obstructive pulmonary disease, pulmonary hypertension, chronic kidney disease (estimated glomerular filtration rate <60 ml min ), and pregnancy.
Study procedures
No premedication was administered. Upon arrival in the operating room, three-lead electrocardiography, non-invasive blood pressure, and pulse oximetry monitoring were commenced. Patients were placed in the supine position with nothing placed under their head. They breathed spontaneously while resting quietly for 5 min before each measurement. First, baseline carotid FTc, DVpeak, stroke volume index (SVI), and haemodynamic data were measured. After recording these data, the patients were administered a fluid challenge of 6 ml kg À1 ideal body weight of 6% hydroxyethyl starch 130/0.4 over 10 min. Five minutes after completion of the fluid challenge, the same haemodynamic parameters were measured again. No vasoactive medications were administered during the measurement period, and all measurements were obtained while the patients were haemodynamically stable.
Carotid ultrasonography
FTc and DVpeak were measured using carotid ultrasonography as previously described by Blehar and colleagues 12 and
Song and colleagues 15 ( Supplementary Fig. S1 ). Both parameters were measured by two independent examiners using an ultrasound device (Vivid E9; GE Vingmed Ultrasound AS, Horten, Norway DVpeak was measured in the same general manner as FTc, with long axis B-mode imaging and a pulsed wave Doppler tracing of the carotid artery. Maximum and minimum peak systolic velocities were obtained in a single respiratory cycle, and the DVpeak was calculated as follows: (maximum peak velocity e minimum peak velocity)/[(maximum peak velocity þ minimum peak velocity)/2] Â 100. Two examiners each performed the measurements during three consecutive respiratory cycles. The mean of the three values for each reviewer was determined, and the average of these means was used for analysis. One examiner measured the FTc and DVpeak in succession, then the other examiner measured these parameters. SVI was measured by transthoracic echocardiography, which was performed by another independent investigator using a 1.5e4. 
Statistical analysis
A previous study reported that the area under the receiver operating characteristic (AUROC) curve of FTc measured in the descending aorta to predict fluid responsiveness was 0.82. 17 Therefore, we assumed that the AUROC curve of carotid FTc was 0.75, a rather lower value. Sample size calculation showed that at least 49 patients were necessary to detect a difference of 0.25 between the AUROC curves of carotid FTc (0.75) and central venous pressure (0.5), with a power of 0.9 and a twotailed type I error of 0.05, assuming a fluid responsiveness incidence of 55% in neurosurgical patients. 18 To allow for a possible 10% dropout rate, we used a sample size of 54 patients. Fluid responsiveness was defined as a 15% or more increase in SVI after fluid challenge. Normality of the data distribution was assessed using KolmogoroveSmirnov and ShapiroeWilk tests. Continuous variables were expressed as mean (standard deviation) if data were normally distributed or median (interquartile range) if not. Categorical variables were expressed as absolute number (%). Responder and non-responder groups were compared with an independent t-test for normally distributed data, ManneWhiney U-test for non-normally distributed data, and c 2 test or Fisher's exact test, as appropriate, for categorical variables. The effects of fluid challenge on haemodynamic parameters were assessed using a paired t-test or Wilcoxon signed rank test. Pearson correlation coefficient was used to test the relationship between baseline values or the relative changes in haemodynamic variables and the percentage change in SVI after fluid challenge. ROC curve analysis was performed to assess the ability of the two ultrasound-derived parameters, FTc and DVpeak, to predict fluid responsiveness.
Comparison of the two ROC curves was performed using the non-parametric technique proposed by DeLong and colleagues. 19 The best cut-off value was chosen to maximise the Youden index. The grey zone approach described by Coste and Pouchot 20 was used to determine an inconclusive range of carotid measurement values. The cut-off values delimiting the grey zone were defined by the values associated with a sensitivity of 90% and specificity of 90%. The intra-observer variability (repeatability) and inter-observer variability (reproducibility) were assessed in 20 randomly selected sets of measurements of FTc and DVpeak. Variability was calculated as the absolute difference between the two values divided by their mean. In addition, the inter-observer reproducibility was also assessed in all data sets by calculating an intraclass correlation coefficient (ICC) and a coefficient of variation (CV).
Inter-observer agreement in estimating FTc and DVpeak was tested using BlandeAltman plot. We used PASS 14 (version 14.0.5; NCSS Statistical Software, Kaysville, UT, USA) to calculate the sample size. Other statistical analyses were performed using SPSS (version 23; SPSS Inc., Chicago, IL, USA) and MedCalc (version 14.8.1; MedCalc, Ostend, Belgium). A P-value <0.05 (two-tailed) was considered statistically significant.
Results
Of the 67 patients assessed for eligibility, 13 were excluded because of atrial fibrillation (n¼1), symptomatic premature ventricular contractions (n¼1), history of lung lobectomy (n¼1), or refusal to participate (n¼10). Thus, 54 subjects were enrolled. One patient was excluded because of newly detected carotid stenosis during the study; therefore, 53 patients were included in the final analysis (Fig 1) . Patient characteristics were comparable between responders (n¼22) and nonresponders (n¼31) ( Table 1) .
Haemodynamic variables before and after fluid challenge are shown in Table 2 DVpeak occurred between 6.5% and 10.2% and contained 27 (50%) patients. For FTc measurements, intra-observer variability and interobserver variability were 2.9 (2.5)% and 1.5 (1.2)%, respectively.
For DVpeak measurements, inter-observer variability was 10.6 (6.8)%. Intra-observer variability for DVpeak measurements could not be calculated, as DVpeak was measured only once per patient by each of the two examiners in order to minimise measurement time. Inter-observer reproducibility for estimating FTc was excellent, with an ICC of 0.90 (95% CI: 0.86e0.93) and a CV of 1.4%. Inter-observer reproducibility for estimating DVpeak was good, with an ICC of 0.66 (95% CI: 0.54e0.76) and a CV of 15.3%. Using BlandeAltman analysis for evaluating inter-observer agreement in estimating FTc and DVpeak, the mean biases were e0.56 ms [with 95% limits of agreement (LOA) between e18.71 and 17.60 ms] and e0.05% (with 95% LOA between e4.46% and 4.36%), respectively (Fig 3) .
Discussion
This study demonstrated that carotid FTc assessed by Doppler ultrasound was a valid and reliable predictor for determining fluid responsiveness in spontaneously breathing patients before anaesthetic induction for brain tumour surgery. We also found that DVpeak of the carotid artery could predict fluid responsiveness. In addition, increases in SVI after fluid challenge correlated with FTc and DVpeak values before fluid challenge and the changes in FTc and DVpeak caused by fluid challenge.
Measuring FTc in the carotid artery using ultrasonography was first introduced as a novel non-invasive measure of volume status by Blehar and colleagues, 12 based on the rationale that FTc measured in the descending thoracic aorta by oesophageal Doppler had been shown to be useful for volume optimisation. 12 They found that carotid FTc significantly increased after fluid administration in dehydrated patients in this preliminary study. Hossein-Nejad and colleagues 13 reported that carotid FTc significantly decreased in patients with end-stage renal disease, who are generally assumed to be hypervolemic, after a routine session of haemodialysis. Nevertheless, few studies have been conducted to determine the ability of carotid FTc to predict fluid responsiveness and its cut-off value in discriminating between responders and nonresponders to fluid resuscitation. Shokoohi and colleagues 21 evaluated the diagnostic accuracy of changes in FTc with a passive leg raise manoeuvre during and after a prolonged fast. However, they did not directly measure volume status, but simply assumed that patients were hypovolemic during fasting and normovolemic after breaking the fast. This study is the first to evaluate the ability of carotid FTc to predict fluid responsiveness in spontaneously breathing patients using carotid ultrasonography for the assessment of volume status and fluid responsiveness. Assessment of fluid responsiveness in spontaneously breathing patients is difficult. Many previous studies have assessed fluid responsiveness in mechanically ventilated patients, and it is known that dynamic indices relying on heartelung interactions, such as PPV, are the best predictors. However, positive end-expiratory pressure, airway driving pressure, and respiratory system compliance could influence the value of these dynamic indices. 22e24 In addition, significant arrhythmias, pulmonary hypertension, right or left ventricular dysfunction, open-chest condition, increased abdominal pressure, and the use of catecholamines could also influence their predictive value. 25e29 In particular, these dynamic indices are reliable only under strictly controlled conditions with tidal volumes >8 ml kg À1 ideal body weight and ventilatory frequency <15 breaths min À1 . 30e32 The ability of dynamic indices to assess fluid responsiveness during spontaneous breathing has been also frequently studied; however, the results of these studies were disappointing. 7 Heartelung interactions in spontaneously breathing patients are different from those in mechanically ventilated patients. In addition, frequency and tidal volume may vary from breath to breath during spontaneous respirations. Therefore, in studies of dynamic indices for fluid responsiveness, spontaneous breathing was often standardised by asking subjects to breathe regularly and slowly or by asking patients to perform exaggerated movements, such as taking a forced inspiration, 33 or performing a Valsalva manoeuvre, 34 which may magnify breathing effects. However, these attempts at standardisation are labour-intensive to apply as a routine practice. Moreover, although non-invasive techniques such as volume-clamp photoplethysmography have been developed in recent years, There is a clear need for a reliable non-invasive method that assesses fluid responsiveness in the spontaneously breathing patient. Recently, several non-invasive ultrasound modalities for assessing volume status were introduced. Of these, inferior vena cava ultrasonography has been extensively studied, but conflicting results have been published, especially in spontaneously breathing patients. 9, 35 Extensive use of inferior vena cava ultrasonography has been limited by other drawbacks as well, such as the diversity of methods used, lack of evidence-based cut-offs, and technical difficulties in obese patients. 36 In contrast, the carotid artery is easily seemed to occur in this study. In contrast, according to the study of Doctor and colleagues, 14 there was no significant difference in carotid FTc measurements between an inspiratory and expiratory hold. Therefore, the variation in the FTc measurements was assumed to be caused mostly by the ultrasound measurement process itself. Considering the higher AUROC, although not statistically significant, the advantages of its relatively narrow grey zone, excellent inter-observer reproducibility, convenience of measurement, and status as a static parameter that is at least theoretically less affected by respirations, FTc could be a more feasible and useful diagnostic tool than DVpeak.
Our study has some limitations. First, continuous monitoring of blood pressure and end-tidal CO 2 tension was not performed in this study. Vascular tone of the cerebral vasculature is strongly affected by cerebral autoregulation and CO 2 reactivity. Therefore, we cannot rule out the possibility that findings of this study investigating the predictive ability of the parameters for fluid responsiveness derived from the common carotid artery immediately adjacent to the cerebral vasculature may not be completely reliable and reproducible in conscious and spontaneously breathing patients. Further investigation is needed considering these physiologic responses of the cerebral vasculature. Second, this study was performed in a limited patient population and clinical setting. FTc is affected by left ventricular preload and cardiac inotropy and is also inversely related to systemic vascular resistance. 38 Therefore, numerous other conditions that affect afterload can alter FTc. In addition, as the cerebral autoregulation could be impaired in patients with brain tumour, 39, 40 our results cannot be extrapolated to patients without brain lesions. In future studies, the predictability of fluid responsiveness of FTc should be tested in various patient populations and clinical situations. Third, although the inter-observer reproducibility of FTc in this study was excellent, inter-observer reproducibility of FTc in a previous study was reported to be poor. 14 However, the previous study was conducted in a small number of volunteers, and two of the three operators were residents with only a basic level experience in ultrasonographic measurements.
In conclusion, we found that both FTc and DVpeak of the carotid artery were able to predict fluid responsiveness in spontaneously breathing patients. However, considering the lower AUROC, although not statistically significant, and considering the large grey zone and the limits of agreement in BlandeAltman analyses, the predictive value of DVpeak for fluid responsiveness seems less clinically relevant. FTc therefore could serve as a more feasible and reliable predictor of fluid responsiveness than DVpeak. However, the clinical applicability of FTc may also be limited by the grey zone for a considerable proportion of patients.
